We present the first comprehensive analysis of a diploid human genome that combines single-molecule sequencing with single-molecule genome maps. our hybrid assembly markedly improves upon the contiguity observed from traditional shotgun sequencing approaches, with scaffold n50 values approaching 30 mb, and we identified complex structural variants (sVs) missed by other high-throughput approaches. Furthermore, by combining illumina short-read data with long reads, we phased both single-nucleotide variants and sVs, generating haplotypes with over 99% consistency with previous trio-based studies. our work shows that it is now possible to integrate single-molecule and high-throughput sequence data to generate de novo assembled genomes that approach reference quality.
and segmental duplications 8 , which is further complicated by gaps and errors in the reference genome.
Existing technologies are constrained by short read lengths and bias. Ensemble-based NGS technologies 9 generate sequence reads of limited length, and even jumping libraries that allow read pairs to span long distances cannot generally resolve structures in highly repetitive regions. Further, NGS technology is prone to systematic amplification and sequence composition biases 10, 11 . Amplification-free single-molecule sequencing substantially extends read lengths while also reducing sequencing coverage bias 12 ; however, such data require new informatics strategies. Single Molecule Real-Time (SMRT) sequencing using the Pacific Biosciences (PacBio) platform delivers continuous reads from individual molecules that can exceed tens of kilobases in length, albeit with error rates (mainly indels) above 10%. Another recent technology, the NanoChannel Array (Irys System) from BioNano Genomics (BioNano), confines and linearizes DNA molecules up to hundreds of kilobases to megabases in length. Rather than providing direct sequence information, the technology uses nicking enzymes to provide high-resolution sequence motif physical maps, termed 'genome maps' . De novo-assembled genome maps can be used as scaffolds for assembled genomic sequences or compared to a known reference to infer variation or haplotype information. These single-molecule approaches have proven invaluable for the assembly of small genomes [13] [14] [15] [16] [17] and in targeted settings for analyzing complex variations in human genomes 18, 19 .
Here, we present a comprehensive analysis of a diploid human genome based on SMRT sequencing data and single-molecule genome maps from the Irys System. Individually, the assemblies and genome maps markedly improve contiguity and completeness compared with de novo assemblies from clone-free, short-read shotgun sequencing data. Moreover, by combining the two platforms, we achieve scaffold N50 values greater than 28 Mb, improving the contiguity of the initial sequence assembly nearly 30-fold and of the initial genome map nearly 8-fold. This represents the most contiguous clone-free human genome assembly to date and is comparable to, or better than, assemblies using mixtures of fosmid or BAC libraries. Furthermore, using referencebased approaches, we are able to better resolve complex forms of structural variation, including tandem repeats (TRs) and multiple colocated events. Additionally, whereas short-read sequencing is restricted to small haplotype blocks, we can generate haplotype blocks several hundreds of kilobases in size, sometimes filling in gaps missed by trio-based analyses.
results
We sequenced NA12878 genomic DNA across 851 Pre P5-C3 and 162 P5-C3 SMRTcells to generate 24× and 22× coverage with aligned mean read lengths of 2,425 and 4,891 base pairs, respectively. We constructed genome maps using 80× coverage of long molecules (>180 kb) with mean spans of 277.9 kb.
We used an integrated assembly and resequencing strategy ( Supplementary Fig. 1 ). In short, error-corrected PacBio reads were assembled with the Celera Assembler 17 and Falcon (Online Methods) to provide initial sequence contigs. Genome maps were iteratively merged with the assembled sequence contigs to yield final scaffolds. Assembled contigs, genome maps, error-corrected reads and raw PacBio reads were used to detect TRs and SVs in reference analyses. Last, short-read data identified SNVs and indels that were passed, along with PacBio reads, into a two-step phasing pipeline.
Assembly
Assembly performance on NA12878 varies across the multiple technologies and data sets generated in this study ( Fig. 1 and Table 1 ). The initial genome maps have a substantially higher scaffold N50 (4.6 Mb versus 0.9 Mb, approximately fivefold higher) than the more comprehensive SMRT sequencing assembly, albeit without single-base resolution. The longer genome maps anchor sequence contigs across difficult repeat regions (4,007 contigs merged via genome maps), as expected; but notably, the hybrid approach improves the genome mapping assembly nearly as dramatically, with 848 instances of long-read contigs bridging genome maps. This suggests an independent contig fragmentation mechanism between sequence-based and genome map assemblies. In addition to long repeat regions and intervals with low nick-site density, the genome map assembly may break around 'fragile sites' (where two nick sites are proximally located on opposite strands), leading to biased DNA double-strand fragmentation 20, 21 . We observed a significant enrichment in the density of fragile sites within 20 kb of genome map ends compared to all expected fragile sites in the human genome (P < 5.0 × 10 −261 assuming a Poisson site distribution; Supplementary Fig. 2 ). The complementarity of break mechanisms between contigs (repeats) and genome maps (fragile sites) supports a stronger merged assembly.
To reduce misassemblies, we compared SMRT contig and genome map assemblies to identify inconsistent regions. Such inconsistencies could be the result of assembly errors or alternative haplotypes; 31 'junctions' (alignments with at least three unaligned contig and genome map labels upstream or downstream of the aligned region) were identified, and corresponding contigs and genome maps were removed. Hybrid scaffolding was run on the remaining data, which resulted in 377 hybrid scaffolds with a scaffold N50 of 13.6 Mb ( Table 1) . A second round of scaffolding to progressively incorporate the more aggressive sequence assembly, generated by Falcon, resulted in 202 hybrid scaffolds with a scaffold N50 of 31.3 Mb. Though the number of joins was not substantial between iterations, the practical impact on contiguity was substantial. For example, in chromosome 18, the V1 scaffold contains three and four scaffolds in the p and q arms, respectively, whereas the V2 scaffold yields single scaffolds in both arms.
The hybrid scaffold is smaller (2.76 Gb) than the initial genome map (2.92 Gb), with 82% (2.5 Gb) of the sequence contigs anchored within scaffolds. Including sequence contigs Contiguity and accuracy of scaffolds relative to hg19. We compared our assembly against the published Allpaths-LG NA12878 assembly, which used short-read sequencing of insert and fosmid libraries 5 . A high-level comparison of the two assemblies, using metrics from refs. 22 and 23, is shown in Supplementary Table 1 .
Normalizing to hg19, our assembly has a higher contig N50 (886 kb versus 19 kb), scaffold N50 (26 Mb versus 10 Mb) and 'scaffold accuracy' (98.7% versus 94.9%), which represents the odds of being correctly connected at a distance of 100 kb. Additionally, fewer hg19 reference bases are missing (14.9% versus 7.6%), and more new assembly sequence was potentially added (58 Mb versus 9 Mb).
However, our sequence identity compared to hg19 is lower (99.7% versus 99.8%); though some of this deviation may be due to detection of true variants or alternative alleles, much of it represents miscalled small indels that result from the higher, indel-based error rate of SMRT sequencing. Such errors can be resolved by mapping short-read data 1 to contigs and using variant calls to correct contigs, leading to sequence identity consistent with the Allpaths-LG assembly (Supplementary Table 2 ). Using heterozygous SNVs, over 2 Gb of sequence was resolvable into haplotype blocks, with a haplotype N50 of 145 kb (Supplementary Table 3 ). Last, we measured the structural fidelity of both scaffolds by performing nick-site mapping (or in silico nick-site mapping) relative to each other and hg19 (Supplementary Fig. 3 ). Fewer chimeras were observed in the V2 scaffolds; moreover, when discrepancies existed between V2 and Allpaths scaffold mapping, the V2 scaffold was 15 times more likely to be consistent with hg19 (Supplementary Results).
reference-based analyses
Phasing. Phasing was performed using a combination of shortand long-read approaches, enabling long haplotype blocks with low switch error rates and resolving unphased variants from triobased approaches. SNVs and indels previously identified by deep Illumina sequencing of the NA12878 trio 24 Table 1 and Online Methods). The switch error rate was estimated by measuring concordance of the predicted haplotype blocks with the SNVs labeled by trio-based phasing. After filtering, the estimated switch error rate was reduced to 0.1, which was lower than the estimated switch error rate of 0.9 in HuRef 25 . There is a trade-off between reducing the switch error rate and eliminating SNVs from analysis (using multiple parameters for both long-and short-read data sets; Supplementary Fig. 4 ). To increase accuracy, 369,785 SNVs were eliminated from the analysis; however, a similar number of additional variants not amenable to trio-based phasing were resolved (314,630) via the long reads. For all heterozygous TR and SV events, we used local phasing in an attempt to assign events to either the maternal or paternal haplotype. Both alleles were assigned to distinct haplotypes for 9,196 TRs and 3,562 SVs. The assignment approach also serves to assess the accuracy of heterozygous calls. True events should have distinct haplotypes assigned to the two read clusters; here, 97% of predicted heterozygous SVs form consistent haplotypes ( Supplementary Fig. 5 and Supplementary Results).
Structural variation. SV calls from PacBio data were generated using the de novo sequence assembly and read-mapping approaches (Online Methods). Some SVs evaluated by locally comparing our de novo sequence assembly to syntenic intervals of hg19 (using tools developed in ref. 26) were shared with those previously detected in the CHM1 haploid cell line 26 Two separate paired-end Illumina libraries of different sizes were constructed and sequenced from NA12878 and were subjected to the Delly structural variation finder. Events that were confirmed by both the long and short libraries are enumerated under 'Both' . PacBio Calls include the number of Delly predictions that were confirmed using manual examination of dot plots. The unsupported column includes any Delly events for which we found either no evidence for the indicated SV despite reasonable coverage (reference only) or for which we had insufficient coverage to reliably confirm the corresponding Delly call. Cov, coverage; PDel, proximal deleted substring; PDup, proximal duplicated substring.
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SVs were further evaluated by aligning individual raw and error-corrected reads to hg19 (Supplementary Tables 5  and 6 and Supplementary Fig. 6 ). Shortread calls from tandem duplications, deletions and inversions were evaluated on both short and long insert data using Delly 27 . These were compared to the PacBio call set and further evaluated by manually inspecting breakpoint-spanning reads (Supplementary Results and Online Methods). Of the callable short-read predictions, 95% agreed in approximate variant type with the PacBio data ( Table 2) . Substantially more SVs were predicted in the PacBio data set (Supplementary Table 5 ), even when considering assemblymapping or read-mapping approaches separately. For insertions, as expected, the most frequent mobile element insertions corresponded to Alu elements, L1s and SVAs (SINE-VNTR-Alu) (Supplementary Table 4 and Supplementary Fig. 7 ), elements known to be active in the human genome and expanded in the human lineage 28, 29 . To estimate the false discovery rate of the mapping-based calls without short-read support, we interrogated events using long-range PCR. For PCR validation, SV predictions were divided into bins on the basis of predicted event size (200-500 bp, 500-1,000 bp, 1,000-1,500 bp, 1,500-5,000 bp). Of the 59 successful PCR reactions, 58 positively supported the predicted event (Supplementary Results and Supplementary Table 7) . Additionally, whole-genome data from Tru-seq, an orthogonal long-read platform, were largely consistent with PacBio calls (Supplementary Results).
Tandem repeats. TRs represent an important source of variation that are associated with a broad range of diseases 30 but are not easily addressed by NGS technologies. The combination of singlemolecule and long-read approaches not only identified large TRs outside the range of short-read approaches but also suggested that many TRs are substantially larger than indicated in hg19 (Fig. 2) . Some of these differences may be explained by allelic variation at a given locus (Fig. 2b) , but there is clearly a systematic underrepresentation of repeat signals in the reference (Fig. 2a) , with certain regions showing increased variability (Supplementary Results and Supplementary Fig. 8 ). Small events were compared to shortread predictions by RepeatSeq 31 and showed >90% concordance ( Supplementary Fig. 9 ). As events become larger, they seem to be more consistent with the reference. However, this is most likely due to the exponential read-length distribution observed in SMRT sequencing. As fewer reads reliably span larger TR intervals, high-quality alignments are more likely to be observed when consistent with the reference. Thus, very large TRs (Fig. 2c) can only be directly examined using genome mapping data. An example of this is a TR within the LPA gene on chromosome 6q26 (the ~5.6-kb 'kringle-IV' type 2 (KIV2)-like domain; Fig. 2c ); long molecules spanning over 100 kb are needed to reliably span the TR. Correctly identifying its multiplicity is particularly relevant as LPA size has been associated with plasma lipoprotein level and risk of cerebrovascular and cardiovascular diseases in the human population 32 .
characterization of variation
Large variation via assembly and scaffolding. The scaffolding results largely validate the layout predicted by hg19 (Fig. 1) ; however, large structural variation events are observed in the hybrid scaffold (Supplementary Table 8) , and a number of large SVs were directly identified by genome mapping (Supplementary Table 9 ). To validate these events, we compared the genome maps, and the raw molecules used to construct them, to hg19. For example, a 206.6-kb insertion seems to be a large TR expansion (Fig. 3a) . A number of raw molecules spanning the event support the BioNano assembly, whereas no spanning molecules confirm the smaller reference allele. The observed difference could be due to variability in the population or artificial compression from traditional assembly approaches. In another example, a 577.3-kb inversion spans previously unresolved regions in hg19 (Fig. 3b) , suggesting potential misassembly during BAC tiling layout. This is supported by higher concordance with the updated GRCh38 (hg38) assembly. Other large events (Supplementary Fig. 10 ) show our assembly to be more consistent with hg38, suggesting that the hg38 assembly has fixed errors in hg19 or is more representative of dominant Complexity of variant sequences. As mentioned earlier, spanning long reads enable direct observation of breakpoints and inserted sequences. This allows one to distinguish mobile element insertions that only contain the repeat element from those that contain other inserted sequences (Supplementary Fig. 7a ). Although many of these events may be duplications not derived from mobile element insertion, some of these intervals are the result of SVA 33, 34 or L1 (ref. 35 ) DNA transduction: for example, a 5′ truncated SVA element mediating the 3′ transduction of a proximal Alu sequence (Supplementary Fig. 11 ). SMRT sequencing long reads can also be used to distinguish subtle SV insertions within TR intervals 36 (Supplementary Table 11) . A common feature of these internal SVs appears to be distinct repeat substructures within the putative inserted SV. In one example, the canonical reference repeat of AGG is interrupted by three distinct (but related) repeat subpatterns (Fig. 2d) .
Spanning long reads also elucidate complex rearrangements typically missed by conventional NGS in which multiple events are located together. The assembly-based approach identified 4.2% of events as complex, and whereas Delly short-read predictions were largely confirmed, substantially greater complexity was observed in the variants ( Table 2) , with 3.4% showing added complexity. Inversions seem to be particularly enriched for complexity (55%; Supplementary Table 6), a feature we are exploring further in the context of a large population cohort (T.R., M.H.-Y.F., A.M.S., A.B. and J.O.K., unpublished data). We find predicted inversions located together with insertions ( Fig.  4a) , deletions (Fig. 4a,b) and duplications (Fig. 4c) . A number of inversions also showed overlapping boundaries (for example, inverted repeat structure at the inversion boundaries), making it challenging to resolve precise breakpoints (Supplementary Table 6 ). Another arrangement frequently observed in the data is the insertion or deletion of proximally located sequences, which we refer to as proximal duplicated or deleted substrings. These appear in both forward (Fig. 4d) and inverted (Fig. 4e) orientation, and highly similar substrings can excise and insert multiple times within the same genomic interval (Fig. 4e) . These events are particularly challenging to detect using short reads and are often mischaracterized as tandem duplications or inversions ( Table 2) . discussion Our analysis of the NA12878 genome shows that combining complementary technologies yields results that are superior to those from any single technology. Long contigs from SMRT sequencing facilitate unambiguous mapping to genome maps; the 800-kb N50 (far longer than those observed in standard short-read approaches) and absence of fragile sites for our sequence contigs also make it very likely for a contig to bridge multiple genome maps. This leads to scaffolds that are far more contiguous than sequence contigs or genome maps alone. Analogously, although long reads elucidate SVs far better than short reads and provide breakpoint-level precision, some events (Fig. 3) contain repeat lengths that only genome maps can accurately resolve. Last, the high accuracy and depth of low-cost short-read data provide reliable SNV and indel calls that increase overall accuracy and improve phasing precision of long reads. Together, these technologies allowed us to resolve long-standing assembly discrepancies.
Additional improvements are needed to extend the impact of our assembly approach. npg to rise, and recent algorithmic developments for overlapping long-read data (the most time-consuming step in assembly) have reduced run times substantially 37, 38 . Additionally, our current assembly approach is not fully integrated; sequence contigs and genome maps are separately assembled before scaffolding. Integrated methods such as AGORA have been restricted to genomes with single complete genome maps or to simple bacterial genomes but could potentially lead to better anchoring of sequence contigs within scaffolds, better N50 values 39 and better haplotype resolution (by extending existing string graph algorithms, which have the potential to directly reconstruct de novo haplotypes from sequencing data) 40 . Such approaches could obviate mapping-based SV detection, especially in the context of large SVs. Simultaneous SV and haplotype resolution, along with integrating statistical phasing strategies, could yield phasing results on par with the >500-kb block length recently reported using statistically aided, long-read haplotyping in NA12878 (ref. 41) . Even in the absence of divergent haplotypes, regions such as centromeres and large segmental duplications remain difficult to resolve and can lead to misassemblies. In some cases (Supplementary Fig. 9a) , we cannot determine with absolute certainty whether a rearrangement or inversion has occurred owing to the high similarity of regions flanking the breakpoints, though previous studies have shown this region to be unstable 42 . Molecular maps have the potential to span regions of high similarity at great depth, as individual molecules can exceed 1 Mb in size. However, their nonrandom breakage can lead to systematic failures in detection. This limitation can be mitigated by creating multiple genome maps that use distinct recognition sequences (using high-quality sequence contigs to bridge across maps). Resolving repetitive regions is more than simply an issue of 'completeness'; these regions have been shown to mediate large-scale rearrangements in the genome 43, 44 .
On smaller scales, we have shown that a major benefit of continuous long reads is the ability to directly observe structural variants. With the exception of deletions, most approaches for whole-genome sequencing structural variant analysis depend on either breakpoint analysis 45, 46 or local realignment and reassembly 47, 48 , thus often inferring large events from indirect evidence. A much richer landscape of structural variation is observed when using direct evidence (Fig. 4) . Reliance on breakpoint deconstructions often leads to incomplete or incorrect assignment of events, as we also observed in the context of inversions and mobile element insertions. Long-read approaches could be particularly useful and cost effective in validating mobile element insertions in repeat-dense areas using targeting strategies such as transposon-seq 49 .
Given the large degree of variability between any two genomes, we are approaching a paradigm where short-read, referencebased approaches are no longer the sole gold standard for variant analysis, both for exome and genome sequencing 50 . This study provides a framework for integrating multiple platforms: high-quality short reads for SNVs and indels, long reads for structural variation, and long-read assembly and genome maps for large-scale genome rearrangements. By using a collection of technologies, we can finally begin to circumvent biases induced by overreliance on a single reference genome. As long-read technologies mature, fully de novo approaches will increasingly become a standard practice, and inference of variation will be replaced by a more direct, comprehensive characterization of genome variation that will in turn accelerate our understanding of the complex phenotypes such variations induce. online methods BioNano data generation and analysis. High-molecular-weight DNA extraction, DNA labeling and data collection. NA12878 cells were washed with PBS, and the final cell pellet was resuspended in cell suspension buffer (CHEF Genomic DNA Plug Kit). Cells were embedded in a thin LMP agarose layer and lysed, protease treated and washed. Purified DNA embedded in a thin agarose layer was labeled following the IrysPrep Reagent Kit protocol (BioNano Genomics). Briefly, DNA was digested with Nt.BspQI nicking endonuclease (New England BioLabs) for 2 h at 37 °C. Nicked DNA was then incubated for 1 h at 50 °C with fluorescently labeled dUTP and Taq Polymerase (New England BioLabs). Taq ligase (New England BioLabs) was used in the presence of dNTPs for ligation of nicks. Recovered DNA was counterstained with YOYO-1 (Life Technologies).
Labeled and counterstained DNA samples were loaded into IrysChips (BioNano Genomics) and run on the Irys (BioNano Genomics) imaging instrument. Data were collected for each sample until >50-fold coverage of long molecules (>180 kb) was achieved. The IrysView (BioNano Genomics) software package was used to detect individual linearized DNA molecules using the YOYO-1 counterstain and to determine the localization of labeled nick sites along each DNA molecule. Sets of singlemolecule maps for each sample were then used to build a full genome assembly.
De novo assembly of genome maps. De novo assembly of single molecules was accomplished using a custom BioNano assembler software program based on an Overlap-Layout-Consensus paradigm [51] [52] [53] . First, we started with pairwise comparison of all molecules longer than 180 kb and nine labels to find all overlaps with P < 1 × 10 −10 , then we constructed a draft consensus map on the basis of these overlaps. The draft map was further refined by mapping single molecules to it and recalculating the label positions. Next the consensus maps were extended by aligning overhanging molecules to the consensus maps and calculating a consensus in the extended regions. Finally, the consensus maps were compared and merged where patterns matched with P < 10 −15 . The process of extension and merge was repeated five times before a final refinement was applied to 'finish' all genome maps. The result of this assembly is a genome map set entirely independent of any known reference or external data.
PacBio data generation and analysis. NA12878 genomic DNA library preparation was prepared using high-molecular-weight DNA (20-50 kb) extracted from the Coriell control sample, and sequencing was performed using a modified method that was primarily based on the manufacturer's instructions and reflects the XL-C2 and P5-C3 sequencing enzyme and chemistries. Detailed description of sequencing and summary of results can be found in the Supplementary Results.
Error correction and assembly. Error correction of all reads was performed using Falcon, following the general principles proposed in ref. 15 (Supplementary Note 1) . In short, all long reads greater than 3 kb were first aligned to one another using Blasr 54 . These reads were then grouped together by selecting the top alignments (using a coverage cutoff of 40). A consensus was formed for each read; the resulting read was trimmed at the ends to eliminate potential chimeras and low-quality sequence (here we require at least 5× coverage of a given base). Error-corrected reads were passed to the Celera Assembler to form contigs (Supplementary  Note 1) . The resulting raw contigs were passed back to the Quiver pipeline (SMRTAnalysis v.2.2.0) on the subset of raw reads corresponding to the newer chemistry to provide the final, high-quality sequences. These sequences were then merged with genome mapping scaffolds to produce our initial V1 assemblies. For scaffolding purposes, an alternative long-read assembly was generated using a modified form of the Falcon pipeline, which yielded a more aggressive assembly with a 2.1 Mb N50 (Supplementary Fig. 12 and Supplementary Table 1) . Final assemblies were cleaned to remove contaminants (Supplementary Note 1) .
Short-read mapping and variant calling and correction. Short reads from ref. 1 were mapped using BWA-MEM 55 (version 0.7.12-r1039) with default parameters. Variants were called using Freebayes 56 (version 0.9.18-3-gb72a21b) with default parameters but were filtered for variants with Q50 or higher.
PacBio structural variation. Events were called using the methodology from ref. 26 , PBHoney 57 and a custom pipeline. For comparison to the haploid CHM1 assembled breakpoint data set more directly, only events spanned by the de novo assembly were considered (though some alternative haplotypes persisted in the assembly). A brief description of the custom pipeline follows (see Supplementary Note 2 for detailed overview). Reads were first aligned to the reference using Blasr via an iterative process. First, the full read was mapped, maintaining the top ten highest-scoring alignments relative to the reference. Next, unmapped portions of each read were extracted from the input read set and remapped to the reference to identify potential highly divergent rearrangements that were missed in the initial mapping step. The top alignment for each query was then passed into a three-state HMM to identify potential insertions and deletions contained within a single long-read alignment. The HMM is needed because of a lack of affine gap alignment 58 in the initial Blasr results (1.3.1) and to reduce false positive calls in high-degeneracy raw PacBio reads, both of which lead to sporadic alignment of query bases within a true deletion region (or reference bases within a true insertion region). Note that using an updated version of Blasr with affine gap alignment (Supplementary Note 2) resulted in improved specificity at improved, or similar sensitivities, for most read types and event categories (Supplementary Table 5 ).
For more complex or larger rearrangements, a secondary step was performed in which a directed alignment graph is created. Alignments (nodes) were ordered relative to their position on the query; a directed edge was drawn between alignments a and b if the end of alignment a preceded the end of alignment b. A source, s, node and a sink, k, node are created for each query, and two edges, (s, u) and (u, k), are added to each alignment node (Supplementary Fig. 13) . A simple dynamic programming algorithm determines the highest-scoring path from source to sink, where overlapping alignments are rescaled to eliminate double counting of overlapping intervals. This highest-scoring path is returned if it indicates a nonreference alignment path for the query. Although this step was not rate-limiting, it is shown in ref. 59 that sparse dynamic programming approaches can yield O(n log n) runtimes, and these approaches have been applied in the context of detecting rearrangements 60, 61 . The resulting set of individual read calls is then clustered by event type across the entire data set to yield the final set of predicted SVs.
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Both error-corrected and raw PacBio reads were processed via the same protocol (Supplementary Note 2) .
Detection of structural variants with CLRs differs from paired reads in that the detection of SVs often implies complete resolution of the spanned event. However, given the potential for chimeras, and specifically the known issue of inverted tandem repeat-like chimeras due to missed adaptor sequence, singleton events are not sufficient to accurately resolve a sequence 13 . Therefore, to provide and validate predictions, we performed consensus calling across all putative events using partial order alignments of all 'event'-containing reads 62 . For insertions, these consensus sequences were then scanned through Dfam HMMs to identify putative repeats using "nhmmscan" with default parameters 63 .
Inversions were broken up into several distinct categories for custom analysis: (i) spanned inversions with a single contiguous alignment, (ii) spanned inversions with multiple subalignments and (iii) inversions in which only a single breakpoint is observed (Supplementary Fig. 14) . Additionally, all inversion calls were passed through an additional step that used custom dot-plotting script followed by manual analysis from spanning reads to reduce false positives.
Genome map structural variation. The structural variation algorithm begins by aligning genome maps to the reference (hg19). The alignment algorithm uses a Smith-Waterman style dynamic programming algorithm where the units of comparison are distance intervals between detected label sites (as opposed to base pairs). Intervals are compared using maximum likelihood and a noise model designed for BioNano data. Both orientations are aligned separately for each map, and the best scoring alignment for each genome map, over the entire reference, is recorded. The algorithm scores each interval: positive scores are given when the interval in the reference and genome maps agree according to the model, and negative scores are given when they do not agree. If there are outliers in the alignment, or if one side of the genome map does not align (i.e., all intervals have a negative score), the map is split at the outlier positions. Here, we set the outlier cutoff to be 10 −6 , which represents the probability of the interval being similar by random chance. The split subintervals are then realigned to the entire reference (with each piece again permitted to align in either orientation). In the case of a large insertion or deletion (>3 kb), the split portions of the map on either side of the SV will align next to one other. In the case of inversions, the split portions will again align next to each other, but in opposite orientations.
Tandem repeats. The tandem repeat detection pipeline uses PacBio long reads, alignment of reads to hg19 (via Blasr) and a reference TR table (available from University of California-Santa Cruz) as input. Only the top scoring alignment was used for each read, and only reads which had at least 100 bp of sequence anchoring upstream and downstream of the TR were considered for analysis. The method is based on the work in ref. 36 . A summary proceeds as follows. First, a three-stage dynamic programming algorithm step more robustly identifies the TR region in the long read and the putative boundaries. The TR region is then passed into the pairHMM-based method to provide a more robust and probabilistic estimate of TR multiplicity using the appropriate error profile. The processed pairHMM output is used for clustering. The objective of the clustering routine is to call the allele based on the estimated number of TRs for all the reads that span a particular TR event. We keep track of several key features on the clustering, the binomial probability of the clustering split, the minimum number of reads in each TR allele, the total number of reads given as input (to distinguish potential copy number abnormalities that could lead to spurious calls) and the c-separation, which specifies the separation between the means of two clusters. We return this information along with the cluster means and s.d. for each cluster. The sequences identified within each cluster of a TR event are used as an input for the partial order alignment (POA) consensus generation step. SVs internal to TRs are obtained by traversing the raw pairHMM output to find intervals in the query that are of low quality relative to the consensus TR element. TRs were filtered to exclude those that are segmental duplications as well as those that are contained within another repeat (if two TRs overlap but are not fully contained, we excluded the region). In a situation where two alternative TRs were present and both were completely contained within one another, we selected the TR with larger period.
Phasing. SNVs and indels identified by high-depth Illumina sequencing of the NA12878 trio 24 were used as a starting point for phasing (Broad Institute, GATK 2.5; Haplotype Caller version 2.7). Long reads were phased relative to hg19 using HapCut 64 version 0.7, which implements a graph-based optimization heuristic and has been previously applied to phase HuRef. PacBio reads have a well-known reference bias in which SNVs are more likely to be called as the reference owing to alignment artifacts created by the high insertion and deletion error rates of raw reads 65 . To mitigate this process, we first created a 'variant-free' version of hg19 in which all known variant bases in the reference were converted to 'Ns' . Reads were then mapped to this and assessed for consistency with short-read trio predicted variants in NA12878. Short reads were also mapped to assembled PacBio contigs, and heterozygous positions were phased using the same approach (after correction of high-quality homozygous variants). Variants were included in phasing if they were covered by at least ten PacBio reads with at least 25% of reads supporting both alleles and 20 Illumina reads with at least 25% of reads supporting both alleles.
To phase tandem repeats and structural variants, we extracted reads spanning the event of interest. Reads were separated into two sets on the basis of which allele they supported (in the case of ambiguous alignment, the read was discarded from analysis). SNVs immediately upstream or downstream of a putative event were used to assess phase by performing variant free alignment, as described above. For each allele, a consensus SNV was called at each position, and a label (maternal or paternal) was placed on the allele on the basis of aforementioned trio calls. In many cases, insufficient SNVs were available in the flanking region, and these regions were listed as ambiguous and eliminated from haplotype consistency analysis.
We attempted to phase each of the predicted tandem repeats and structural variants by placing them in the context of the previous trio-based phasing. Each tandem repeat and structural variant was evaluated to produce 'high-confidence' heterozygous calls. The set of reads corresponding to each allele of a high-quality call was retrieved and used to locally determine the haplotype. In short, each read set for an allele was evaluated at all known SNV or indel locations proximal to the SV, where at least two reads covered the event using a POA alignment. As before, the reference npg SNV or indel position was eliminated from the reference sequence to eliminate reference bias. A consensus haplotype was then established for each allele; if the consensus haplotypes were consistent with trio-based phasing, we then assigned each allele to its corresponding haplotype.
Hybrid scaffolding. The scaffolding pipeline takes two input files, a sequence contig map file and a genome map file. Here, the sequence contig map file was generated by running an 'in silico digest' on the PacBio contigs. There are two steps in the scaffolding process. In the first step, which used BioNano's alignment tool RefAligner 51, 52 , the sequence maps were compared to BioNano genome maps to find their best matches. Only those sequence maps with more than seven labels were used for comparison. Those sequence-genome map pairs with for which three consecutive sequence labels did not agree with genome maps were flagged and were not used in the next step. These pairs can potentially be chimerical assemblies, haplotype discrepancies or mismatches. During the second step, filtered sequence maps and genome maps were merged with RefAligner using a P value of 1 × 10 −10 to create hybrid scaffold maps. The merge process was performed in a recursive pairwise manner. The pairs between sequence maps and genome maps were ranked on the basis of their similarity and were merged in order. The process was repeated until all pairs were merged, and the results became the first version of our hybrid scaffold maps (V1). We then re-ran the hybrid scaffolding pipeline to further merge the V1 scaffolds with additional sequence contigs and generated our V2 hybrid scaffold maps. Finally, to anchor the original sequences and generate FASTA sequences, we realigned the sequence maps with the V2 hybrid scaffolds using custom scripts (Supplementary Note 3) , and any V2 scaffolds formed solely from Falcon overlaps (5) that did not have Celera-assembled contigs mapping support were eliminated (3). Alignment of sequence contigs and genome maps to the V2 scaffold is provided in Supplementary Tables 13 and 14 . The resulting V2 scaffolds were aligned to hg19 in both nick and sequence space (Supplementary Fig. 15 ).
Delly short-read SV calls. The Illumina Platinum Genomes (http://www.illumina.com/platinumgenomes/) were used to discover SVs in NA12878 using short-read sequencing data. The SV prediction software Delly was run on two independent multisample data sets, both of which included NA12878. The first data set was the 17-member CEPH pedigree sequenced to 50× depth using a standard paired-end, short-insert library. The second data set was a family trio sequenced to >30× depth using a longinsert mate-pair library. We used the multi-sample Delly version to subsequently filter SVs on the basis of the genomic site itself and the available genotype information. For the long insert trio, we required a minimum SV size of 1 kb, at least three supporting paired ends for the SV site and a median paired-end Phred-scaled mapping quality >20. In addition, for copy-number variable events we required that at least one sample in the pedigree trio was a noncarrier with increased or decreased read depth for deletions or duplications, respectively. This filter was added to exclude false positive SV predictions due to repeat-induced mismappings, reference assembly errors or incomplete reference sequences. For balanced inversions, we could not apply a read-depth filter, and thus inspected SV predictions with low paired-end support manually.
For the short-insert SV predictions, we used the same filtering approach except that we lowered the minimal required SV size to 250 bp owing to the decreased mean and s.d. of the fragment size distribution compared to the long-insert library.
For all deletion regions in which the Illumina prediction did not symmetrically overlap with a PacBio predicted event by at least 80%, the events were manually evaluated by visual examination of dot plots for all reads either spanning the event or with alignments disrupted within 5 kb of the event. In cases where a single event existed within this 5-kb interval, we considered the event 'validated' even if the predicted Illumina boundaries were inconsistent with the predicted boundaries from PacBio. All duplications and inversions were manually validated given the heightened complexity observed in these event types.
PCR validation.
A custom primer design pipeline (A.M.S., T.R. and J.O.K., unpublished data) using the Primer3 algorithm 66 , and BLAST 67 was used to design specific PCR primers for the different SV types. The search for specific primers was repeated iteratively until a maximum product size of 6,000 bp, after which the locus was excluded from validation. For both deletions and insertions, a pair of primers was placed outside flanking the predicted SV. PCR yields bands at the size expected on the basis of the reference genome: that is, smaller or larger than what is expected for deletions and insertions, respectively. The band pattern allows distinguishing between 0/0, 0/1 and 1/1 genotypes.
PCR primers were obtained from Sigma. PCR reactions were performed using 10 ng of genomic NA12878 DNA (Coriell) in 20-µl volumes using the Sequalprep Long PCR reagents (Life Technologies) in a 96-well plate using the DNA Engine Tetrade 2 thermocycler (Bio-Rad). PCR conditions were: (i) 94 °C for 3 min; (ii) ten cycles at 94 °C for 10 s, 62 °C for 30 s and 68 °C for 8 min and 25 cycles of 94 °C for 10 s, 60 °C for 30s and 68 °C for 10 min; and (iii) a final cycle of 72 °C for 5 min. PCR products were analyzed on a 0.8% agarose gel stained with Sybr Safe Dye (Life Technologies) and a 100-bp ladder and 1-kb ladder (NEB). If necessary, gel bands were cut with a scalpel, gel extracted with the Nucleospin Gel and PCR Cleanup kit (Macherey-Nagel) and sent for capillary sequencing (GATC Biotech AG).
Software availability. The corresponding software built and used (as described above) can be found at https://bitbucket. org/znfinger/na12878_architecture and is also provided as Supplementary Software. For external software, we have provided links to the build used when available. Otherwise, we have included this information within the project README. Parameter files for the error-correction and assembly specs are provided in the "param_file" subdirectory of the repository.
